Hypothalamic dysfunction may underlie endocrine abnormalities in Prader-Willi syndrome (PWS), a genetic disorder that features GH deficiency, obesity, and infertility. One of the genes typically inactivated in PWS, MAGEL2, is highly expressed in the hypothalamus. Mice deficient for Magel2 are obese with increased fat mass and decreased lean mass and have blunted circadian rhythm. Here, we demonstrate that Magel2-null mice have abnormalities of hypothalamic endocrine axes that recapitulate phenotypes in PWS. Magel2-null mice had elevated basal corticosterone levels, and although male Magel2-null mice had an intact corticosterone response to restraint and to insulin-induced hypoglycemia, female Magel2-null mice failed to respond to hypoglycemia with increased corticosterone. After insulin-induced hypoglycemia, Magel2-null mice of both sexes became more profoundly hypoglycemic, and female mice were slower to recover euglycemia, suggesting an impaired hypothalamic counterregulatory response. GH insufficiency can produce abnormal body composition, such as that seen in PWS and in Magel2-null mice. Male Magel2-null mice had Igf-I levels similar to control littermates. Female Magel2-null mice had low Igf-I levels and reduced GH release in response to stimulation with ghrelin. Female Magel2-null mice did respond to GHRH, suggesting that their GH deficiency has a hypothalamic rather than pituitary origin. Female Magel2-null mice also had higher serum adiponectin than expected, considering their increased fat mass, and thyroid (T 4 ) levels were low. Together, these findings strongly suggest that loss of MAGEL2 contributes to endocrine dysfunction of hypothalamic origin in individuals with PWS. (Endocrinology 152: 967-978, 2011) P rader-Willi syndrome (PWS) is a complex genetic disorder, whose clinical features suggest abnormalities of the hypothalamic-pituitary axis. These include GH deficiency with short stature, increased fat mass and reduced lean mass, hypogonadotropic hypogonadism, childhood-onset hyperphagia and obesity, and sleep disorders. Structural abnormalities of the brain documented in PWS include frequent ventriculomegaly and cortical abnormalities. Pituitary abnormalities are common, but structural abnormalities of the hypothalamus are not typically found (1-3). Children with PWS typically have decreased spontaneous GH secretion and low peak GH response in stimulation tests (4, 5), accompanied by reduced serum IGF-I and low IGF-binding protein 3 (6 -8). GH deficiency contributes to abnormal body composition consisting of increased body fat mass and reduced lean mass, and treatment with GH partially normalizes body composition and short stature (9 -11). In contrast, obesity in the general population is often associated with a relative GH deficiency but normal or high levels of IGF-I, suggesting defective feedback mechanisms in GH pathways that can resolve on weight loss.
P
rader-Willi syndrome (PWS) is a complex genetic disorder, whose clinical features suggest abnormalities of the hypothalamic-pituitary axis. These include GH deficiency with short stature, increased fat mass and reduced lean mass, hypogonadotropic hypogonadism, childhood-onset hyperphagia and obesity, and sleep disorders. Structural abnormalities of the brain documented in PWS include frequent ventriculomegaly and cortical abnormalities. Pituitary abnormalities are common, but structural abnormalities of the hypothalamus are not typically found (1) (2) (3) . Children with PWS typically have decreased spontaneous GH secretion and low peak GH response in stimulation tests (4, 5) , accompanied by reduced serum IGF-I and low IGF-binding protein 3 (6 -8) . GH deficiency contributes to abnormal body composition consisting of increased body fat mass and reduced lean mass, and treatment with GH partially normalizes body composition and short stature (9 -11) . In contrast, obesity in the general population is often associated with a relative GH deficiency but normal or high levels of IGF-I, suggesting defective feedback mechanisms in GH pathways that can resolve on weight loss.
In normal adults, serum leptin levels increase with increasing adiposity, but levels of adiponectin, particularly in its multimeric high molecular weight form, are inversely correlated with fat mass (12, 13) . Lower adiponectin levels are typically found in type 2 diabetics and correlate with insulin resistance in obese individuals (14) . Adiponectin acts primarily through receptors present in liver and in muscle (13) , but also acts in the paraventricular nucleus of the hypothalamus to stimulate food intake and decrease energy expenditure during fasting (15, 16) . Obese individuals with PWS have high serum leptin levels, but despite their increased adiposity, plasma adiponectin levels are higher in PWS than in obese controls, although lower than or similar to levels in lean individuals (17) (18) (19) (20) (21) . Consistent with higher adiponectin levels, obese adults with PWS are more insulin sensitive than matched obese controls (22) (23) (24) .
Central adrenal insufficiency has been proposed to contribute to sudden deaths in children with PWS (25) (26) (27) (28) . One recent study used an overnight single-dose metyrapone test to inhibit cortisol production, stimulating ACTH production. About 60% of tested PWS individuals showed an insufficient ACTH response to decreased cortisol production (27) . However, other studies found no evidence for adrenal insufficiency (29) or normal increases in plasma cortisol in response to synthetic ACTH (30) . The frequency of central hypothyroidism in the PWS population is reported to be up to 24%, although various studies report thyroid hormone levels that vary from low to normal (8, (31) (32) (33) .
Because PWS is a multigene disorder, studies of genetargeted knockout mice have been used to elucidate the relative contribution of loss of individual genes to the complex clinical findings in PWS. MAGEL2 is one of several imprinted genes that are typically inactivated in people with PWS (34, 35) . In the mouse, Magel2 is most highly expressed in the hypothalamus, with maximal levels in the suprachiasmatic nucleus, which controls circadian rhythm, and in the arcuate nucleus, which controls energy homeostasis (34) . The encoded protein melanoma antigen, subfamily L (MAGEL)2/Magel2 is a member of the MAGE family of proteins, which act as adaptor proteins for complexes that participate in signal transduction (36, 37) . We previously described decreased activity, progressive infertility, and blunted circadian rhythm in mice lacking Magel2 (38, 39) . We also found that Magel2-null mice are obese, with increased body fat, increased serum leptin, and decreased lean mass but normal length (40) . We have now tested the hypothesis that Magel2 is important for endocrine axes regulated by the hypothalamus, by measuring differences in endocrine responses between Magel2-null and wild-type control mice. We now report endocrine dysfunction in Magel2-null mice, including profound insulin-induced hypoglycemia and a marked delay in the counterregulatory hypoglycemia response. We also discovered abnormalities of hypothalamic pituitary endocrine axes in Magel2-null mice, including elevated basal corticosterone levels in both sexes and reduced ghrelinstimulated GH release with reduced Igf-I levels in female mice. Our work suggests that Magel2 is essential for the normal feedback mechanisms that regulate endocrine axes controlled by the hypothalamus.
Materials and Methods

Mouse breeding, genotyping, and housing
All animal studies were conducted in accordance with the Canadian Council on Animal Care Guidelines and Policies with approval from the Animal Policy and Welfare Committees for the University of Alberta. The Magel2-null mice have been maintained on a C57Bl/6 background for at least 15 generations and were genotyped as described (40) . Mice carrying a paternally inherited lacZ-knockin allele are functionally null for Magel2 and are referred to as Magel2-null; littermates that are wild type for Magel2 were used as controls. Mice were weaned between 3 and 4 wk of age and then housed two to three per cage with food and water ad libitum, maintained under 12-h light, 12-h dark cycle conditions, and tested between 3 and 10 months of age. For tail vein blood collection, the time between blood sample collections was at least 6 d, with up to 100 l (average 50 l) blood collected each time.
Stress-induction protocol
For corticosterone levels, morning basal samples were collected between 0900 and 1100 h. Tail blood was collected from partially restrained mice. Restraint stress-induced samples were collected from mice restrained in 50-ml conical tubes for 30 min. Insulin-induced samples were collected from partially restrained mice, 30 min after insulin injection. Samples from unstressed (partially restrained, basal), restrained, and insulin-treated mice were collected at least 1 wk apart. All stress-induced experiments were performed between 0800 and 1200 h, which is the low point of corticosterone levels in rodents (41) . For the dexamethasone suppression test, mice were injected ip with 0.15 mg/kg dexamethasone in 100 l saline. Tail blood was collected 4 h after injection. For the ACTH stimulation test, mice were injected intraperitoneally with 25 mg/kg metyrapone, then corticosterone levels were measured after 1 h and ACTH levels after 6 h.
Intraperitoneal insulin tolerance test (IPITT) and ip glucose tolerance test (IPGTT)
For the IPITT, mice were fasted for 2 h and then human insulin (0.75 U/kg, in 100 l saline; Sigma-Aldrich, St. Louis, MO) was injected ip. For the IPGTT, mice were fasted for 6 h and then injected ip with 1 mg/g glucose in 0.9% saline. For both tests, blood glucose was measured by the glucose oxidase method (Contour Glucometer; Bayer, Toronto, Canada) after 0, 15, 30, 60, and 120 min, in a small drop of blood from the tail vein.
GH assays
Mice were injected ip with saline (control), 60 g/kg GHRH (Sigma-Aldrich), or 120 g/kg rat ghrelin (Tocris Bioscience, Ellisville, MO) in a final volume of 100 l saline. Injections occurred between 1300 and 1700 h, and tail blood was collected between 5 and 15 min after injection.
Measurements of hormones in blood samples
Collected blood was allowed to clot at room temperature for 30 min and then centrifuged at 2000 ϫ g for 10 min. Serum was aliquoted and stored at Ϫ20 C until it was assayed for hormone content. Serum samples were analyzed using the following ELISAs: high sensitivity corticosterone (IDS, Inc., Fountain Hills, AZ), ACTH (Calbiotech, Spring Valley, CA), Igf-I (Antigenix America, Huntington Station, NY), GH (Millipore, Billerica, MA), T 4 (Calbiotech), and high molecular weight/total adiponectin (Alpco Diagnostics, Salem, NH) according to manufacturers' instructions. Intra-and interassay coefficients of variance were provided by the manufacturers (Supplemental Table 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Reagents supplied in each ELISA kit were used to generate standard curves, and concentrations of hormones in mouse serum samples were interpolated from these curves.
Statistical analysis
Results are expressed as the mean Ϯ SEM unless otherwise stated. Mice of each sex were analyzed separately. Basal values for endocrine factors (corticosterone, ACTH, glucose, adiponectin, Igf-I, and T 4 ) were compared between genotypes using a two-sided Student's t test. GH levels (basal, ghrelin stimulated, and GHRH stimulated) were not normally distributed so were compared between genotypes using a nonparametric MannWhitney test. Corticosterone levels measured after either stress treatment (restraint or insulin) were compared with basal levels of corticosterone using a two-sided Student's t test, for each genotype and each sex. Corticosterone levels measured after dexamethasone injection were not normally distributed so were compared with levels after saline injection using a nonparametric Mann-Whitney test, for each genotype and each sex. Corticosterone levels measured after metyrapone injection were compared with levels after saline injection with a two-sided Student's t test, for each genotype and each sex. Differences between genotypes in the IPITT were calculated using repeated measures ANOVA with Bonferroni post hoc tests within GraphPad Prism 4 software. The glucose recovery rate in the IPITT was calculated as the difference between glucose values at 60 and 120 min after insulin injection, divided by 60, and described in millimols per minute. Area under the curve (AUC) in the IPGTT was calculated using the trapezoidal rule (42) and compared between genotypes using a two-sided unpaired Student's t test. In all cases, P Ͻ 0.05 was considered statistically significant.
Results
Basal and stress-induced corticosterone levels in
Magel2-null and control mice
We first noted that corticosterone levels measured in tail blood samples from partially restrained mice were significantly higher in Magel2-null mice compared with sexmatched control littermates (Fig. 1, A and B, and Table 1 ). Moreover, values in control mice were higher than expected from other studies, where typically corticosterone levels are measured in blood obtained after rapid decapitation (43) . We tested whether the partial restraint required for tail blood sampling was sufficient to induce a more pronounced stress response in Magel2-null than in control mice, thus giving the appearance of high basal corticosterone levels. We collected trunk blood samples after rapid decapitation with minimal restraint. In the control mice, the corticosterone levels in trunk blood were lower than those in tail blood samples (Supplemental Fig.  1 ). In contrast, corticosterone levels from either trunk or tail blood samples were comparable in the Magel2-null mice. Corticosterone levels measured in tail blood after control saline injection were similar to the partially restrained, uninjected levels found in each genotype, i.e. about 2-fold higher in Magel2-null mice compared with sex-matched control mice. The corticosterone levels that we measured in tail blood samples from partially re-
FIG. 1. Stress responses in
Magel2-null and control mice. Values represent the mean Ϯ SEM; n ϭ 5-8 group. Black bars represent wildtype control, white bars represent Magel2-null. A and B, basal levels of serum corticosterone were elevated in both female and male Magel2-null mice compared with control (Student's t test; *, P Ͻ 0.01). Serum corticosterone levels were determined 30 min after restraint stress and compared within sex and genotype to basal levels by Student's t test. As expected, restraint significantly increased corticosterone levels over basal levels in the control mice (4.1 Ϯ 1.1-fold and 2.6 Ϯ 0.6-fold over basal in control male and female mice, respectively, both significantly increased over basal; **, P Ͻ 0.001). Restraint also increased corticosterone levels over basal in the Magel2-null mice [2.5 Ϯ 0.3-fold (Magel2-null male) and 1.3 Ϯ 0.1-fold (Magel2-null female) over basal, both ***, P Ͻ 0.002 comparing restrained levels with basal levels]. C and D, Serum corticosterone levels were determined 30 min after insulin injection. As expected, corticosterone levels in control mice were elevated, with an average increase of 1.7 Ϯ 0.5-fold (male) and 1.9 Ϯ 0.3-fold (female) over basal levels after 30 min (both sexes #, P Ͻ 0.03). An appropriate increase was seen in the male Magel2-null mice (2.0 Ϯ 0.2-fold increase; ##, P Ͻ 0.01). However, Magel2-null female mice had no significant (n.s.) change in corticosterone levels after insulin administration.
Endocrinology, March 2011, 152(3):967-978 endo.endojournals.orgstrained mice were therefore used as "basal" values for all subsequent comparisons, so as to measure only the effect of the treatment rather than the combined effect of tail blood collection and the treatment. Stressful situations activate the hypothalamic-pituitary-adrenal (HPA) axis, causing a rapid increase in circulating glucocorticoid levels. We compared basal corticosterone levels with those measured after 30 min of physical restraint, within each genotype and each sex. As expected, control mice demonstrated a significantly higher corticosterone after restraint stress, as did Magel2-null mice of both sexes (Fig. 1, A and B) .
As a more specific test of the reactive stress response and in parallel with an IPITT described below, we measured corticosterone levels 30 min after injection of a dose of insulin sufficient to cause hypoglycemia (0.75 U/kg) (42) . At this dose, mice of both genotypes displayed behaviors characteristic of hypoglycemia, including reduced movement and tremors, and as described below, experienced a significant reduction in their blood glucose. We compared insulin-stimulated corticosterone levels with basal levels, within each genotype and each sex (Fig. 1, C and D) . We first confirmed that insulin treatment increased corticosterone levels in control male and female mice, diagnostic of an intact HPA response (44) . An appropriate increase of about 2-fold was observed in the male Magel2-null mice (Fig. 1C) . However, Magel2-null female mice had no change in corticosterone levels after insulin administration (Fig. 1D) .
HPA axis responses to low or high corticosterone
We next tested whether Magel2-null mice have intrinsic abnormalities in their glucocorticoid responses. We measured in vivo responses to acute changes in circulating glucocorticoids, administering dexamethasone to test negative feedback regulation of the HPA axis or metyrapone to test feedback regulation in response to a reduction in corticosterone. Both sexes of control mice, and the Magel2-null male mice, responded to a dexamethasone injection with significant lower corticosterone measured after 4 h (Fig. 2, A and B, and Table 1 ). However, mean corticosterone levels were not significantly reduced in Magel2-null female mice after dexamethasone injection, suggesting that they either do not properly sense or do not properly respond to high circulating corticosteroids. To further test the responsiveness of the HPA axis in the fe- As expected, corticosterone levels were lower after dexamethasone (dexa) in both sexes of control mice, measured 4 h after injection [*, P Ͻ 0.001; U ϭ 0 (male) and U ϭ 21 (females)]. Corticosterone levels were also lower after dexamethasone in male Magel2-null mice (**, P Ͻ 0.001; U ϭ 0). However, corticosterone levels were not lower after dexamethasone treatment in female Magel2-null mice [not significant (n.s.)]. C, Corticosterone levels were significantly reduced by metyrapone (Met.) injection measured after 1 h, in female mice of both genotypes (*, P Ͻ 0.05). D, Baseline ACTH levels were higher in female Magel2-null mice compared with control (Student's t test; *, P Ͻ 0.02). ACTH levels increased significantly in female mice 6 h after metyrapone injection, compared with baseline levels within each genotype (#, P Ͻ 0.001).
male mice, we administered the 11-␤-hydroxylase inhibitor metyrapone, which inhibits glucocorticoid production, thereby stimulating ACTH production (45) . Metyrapone effectively suppressed corticosterone levels measured 1 h after injection, both in the control and Magel2-null female mice (Fig. 2C) . Basal ACTH levels were elevated in the mutant mice compared with control, consistent with their high basal corticosterone levels (Fig.  2D) . As expected, the metyrapone-induced reduction in corticosterone correlated with a significant rise in ACTH levels in control female mice, measured after 6 h. We observed a similar significant rise in ACTH in the Magel2-null female mice (Fig. 2D) . Finally, no abnormalities were observed in the size and appearance of the adrenal or pituitary glands dissected from Magel2-null mutant mice (data not shown). Overall, these results suggest that the lack of a stress response to insulin-induced hypoglycemia in female Magel2-null mice may result from dysfunction in glucose sensing in the hypothalamus, because the pituitary and adrenal responses to other stressors and to a reduction in circulating glucocorticoid levels appear to be intact in these mice.
Blood glucose response to insulin
In conjunction with testing for a corticosterone response to insulin-induced hypoglycemia described above, we measured the blood glucose response at intervals up to 120 min after insulin injection (42) . We then compared the responses between genotypes within each sex ( Fig. 3 and Table 1 ). There was a significant effect of genotype on the overall glucose response to insulin in the female mice (P ϭ 0.002 by repeated measures ANOVA). We further analyzed the IPITT curves in both sexes to derive specific data regarding basal glucose levels, insulin action as reflected in the initial fall in blood glucose, the glucose threshold for the initiation of a counterregulatory response, and the glucose recovery rate. Blood glucose levels after the 2-h fast did not differ between genotypes in either sex. There were no significant differences between genotypes in the initial insulin action on blood glucose in the first 15 min. A glucose threshold of 4.4 mmol/liter is generally sufficient to induce a robust counterregulatory hormonal response in mice (42) . Control mice became hypoglycemic, with a mean minimum blood glucose of 3.8 Ϯ 0.3 mmol/liter (female mice) and 3.6 Ϯ 0.5 mmol/liter (male mice). However, both sexes of Magel2-null mice became more profoundly hypoglycemic than control, dropping to a mean minimum value of 2.1 Ϯ 0.3 mmol/liter in males (P ϭ 0.02 compared with control) and 2.2 Ϯ 0.3 mmol/liter in females (P ϭ 0.01 compared with control). We then calculated the glucose recovery rate as a measure of the counterregulatory response to hypoglycemia, by measuring the slope of the glucose curve in the second hour. In control female mice, blood glucose levels returned to preinjection glucose levels at a calculated glucose recovery rate of 65 Ϯ 6 mol/l ⅐ min (females) during the second hour. Female Magel2-null mice remained hypoglycemic up to 120 min after injection, with a glucose recovery rate reduced to 32 Ϯ 1 mol/l ⅐ min (P ϭ 0.01 compared with control). However, both sexes of Magel2-null mice do recover from hypoglycemia without intervention despite glucose as low as 1.1 mmol/liter in some mutant mice, suggesting a delayed rather than deficient counterregulatory response. To summarize, mutant mice became more hypoglycemic than sex-matched control mice after insulin injection, suggesting a blunted counterregulatory response. As well, female Magel2-null mice experienced delayed recovery from insulin-induced hypoglycemia compared with control littermates.
GTT and adiponectin levels
The normal decline in glucose in response to insulin suggests that Magel2-null mice maintain insulin sensitivity despite their increased adiposity. To further explore glucose homeostasis, we administered an IPGTT to fasted Magel2-null and control mice (42) . There was no significant difference between genotypes in starting blood glucose, after a 6-h fast (Fig. 4, A and B, and Table 1 ). An area under the glucose tolerance curve (AUC) calculation demonstrated a modestly impaired IPGTT in the male mice and normal IPGTT in the female mice (Fig. 4C) . Total adiponectin levels are typically negatively correlated with fat mass in rodents and humans, reduced in individuals with impaired glucose tolerance, but high in obese rats with defective leptin receptors (46) . We therefore measured adiponectin levels to determine whether increased fat mass (both sexes of Magel2-null mice) and impaired glucose tolerance (in male Magel2-null mice) is associated with low adiponectin. Both total and high-molecular weight adiponectin were higher in female Magel2-null mice than female control (total adiponectin in Magel2-null, 56 Ϯ 2 g/ml; control 45 Ϯ 2 g/ml; P ϭ 0.003), but neither measurement differed between genotypes in male mice. The ratio of high molecular weight to total adiponectin was not different from control in either sex of Magel2-null mice. In summary, despite their increased fat mass, male Magel2-null mice have adiponectin levels comparable with lean control and display mildly impaired glucose tolerance, and female Magel2-null mice have higher adiponectin, together with normal glucose tolerance.
GH release in response to ghrelin and GHRH
The GH-Igf-I axis is a key endocrine system controlled by the hypothalamus and is dysfunctional in PWS. GH release is pulsatile, and steady-state levels can be difficult to measure in rodents, so circulating levels of Igf-I can be used as a surrogate indicator of long-term GH secretion. Although Igf-I levels were similar in male Magel2-null and control littermates, female Magel2-null mice had a 1.4-fold lower Igf-I compared with control ( Fig. 5A and Table 1 ). This result prompted us to investigate stimulated GH release in the female mice. We found equivalent basal GH levels in both genotypes, although as expected from the highly pulsatile nature of GH release in rodents, there was a large variation in these levels [median and interquartile range for control females, 0.55 ng/ml (0.16 -0.82); for Magel2-null females, 0.23 ng/ml (0.10 -0.68)]. Intraperitoneal injection of ghrelin normally elicits a robust increase in circulating GH levels in mice, by targeting GHRH neurons in the arcuate nucleus of the hypothalamus (47, 48) . Indeed, ghrelin injection increased GH levels in female mice of both genotypes compared with basal levels of less than 1 ng/ml (Fig. 5B) . However, the median values of ghrelin-stimulated GH were 1.9-fold lower in Magel2-null compared with control mice. Next, we investigated the GH response to injected GHRH, which acts directly on cognate receptors in the anterior pituitary to stimulate GH release. GH response to stimulation with GHRH was comparable between genotypes (Fig. 5C ). These suggest that pituitary stimulation of GH release (by GHRH) is normal, whereas hypothalamic stimulation of the GH pathway (by ghrelin) is impaired in Magel2-null female mice, eventually leading to reduced circulating Igf-I levels.
Hypothalamus-pituitary-thyroid measurements
Low levels of thyroid hormones stimulate the production of hypothalamus-derived TRH and pituitary-derived thyroid-stimulating hormone, stimulating the production of thyroid hormones. Mean T 4 levels were reduced 1.3-fold in female Magel2-null mice compared with control (Magel2-null, 2.9 Ϯ 0.2 g/dl compared with control, 3.9 Ϯ 0.2 g/dl; P Ͻ 0.002).
Discussion
Obesity is frequently associated with endocrine dysfunction, but differences in endocrine measures between typical obese and PWS obese individuals suggest that factors beyond excessive food consumption vs. energy expenditure contribute to obesity in PWS. In particular, decreased IGF-I, increased adiposity, and decreased lean mass all reflect GH deficiency that becomes partially normalized in PWS children undergoing GH replacement therapy (9 -11) . PWS individuals tend to have greater insulin sensitivity (22-24) and higher adiponectin levels (17-21) compared with body mass index-matched controls. Other endocrine abnormalities are less well defined in PWS, but include incomplete puberty, variable central adrenal insufficiency, and possibly central hypothyroidism. Many of these findings may be hypothalamic in origin, but a physiological or genetic basis for this dysfunction has been elusive. We now show that loss of the PWS candidate gene Magel2 in mice causes abnormalities in endocrine axes controlled by the hypothalamus, which overlap with those observed in rodents with mutations in leptin signaling and GH pathways.
Magel2 is required for normal function of the HPA axis
The HPA axis monitors and responds to physiological and psychological stress and can be altered in obesity. Basal plasma corticosterone levels were elevated in both male and female Magel2-null mice ( Fig. 1 and Table 1) , consistent with behavioral changes, we previously reported that include increased baseline freezing times and reluctance to explore novel objects (49) . High basal corticosterone levels are also found in rodents with deficiencies in leptin signaling pathways [e.g. db/db mice and fa/fa rats (50)] but are not typical of other obese mice (51) (52) (53) . Acute responses to changes in circulating glucocorticoids were examined using a dexamethasone suppression test and a metyrapone stimulation test (Fig. 2) . Administration of dexamethasone lowered circulating corticosterone in male but not female Magel2-null mice. Inhibition of corticosterone synthesis with metyrapone lowered corticosterone and provoked an appropriate increase in ACTH in both control and Magel2-null female mice. Together, these results suggest that both sexes of Magel2-null mice have high circulating glucocorticoid levels, and in addition, female mice do not respond to an artificial increase in circulating glucocorticoids, suggesting impaired glucocorticoid sensing or negative feedback regulation. Importantly, both the pituitary and hypothalamus can respond to changes in glucocorticoid levels, so neither test (dexamethasone or metyrapone) is specifically diagnostic for hypothalamic dysfunction.
Abnormalities in glucocorticoid-mediated stress responses are a significant cause for concern during illness in people with PWS and may have hypothalamic, pituitary, and adrenal components. We examined the central response to two types of stress in Magel2-null mice. Restraint stress activates the HPA axis through input from peripheral sensory information, the nucleus of the solitary tract in the brain stem, and forebrain responses, integrated in the paraventricular nucleus of the hypothalamus (54, 55) . These neurons produce hormones required for ACTH release from the anterior pituitary under both basal and 
endo.endojournals.orgstressed conditions. In contrast, hypoglycemia directly activates glucose-sensing neurons in the ventromedial hypothalamus (VMH), which initiate a counterregulatory response, including HPA activation, to normalize blood glucose (56 -58) . Genetic and physical lesions in the hypothalamus can impair the hypoglycemia response, even in animals that have normal glucose homeostasis under fed conditions (59, 60) . Female Magel2-null mice exhibit a delayed, inadequate corticosterone response to the physiological stress provoked by insulin-induced hypoglycemia (Figs. 1 and 3) . In this experiment, Magel2-null mice became more profoundly hypoglycemic than their control littermates, and some mutant mice declined to 1.1 mmol/ liter blood glucose in the IPITT, nearing the limit for the induction of hypoglycemic shock. Notably, we only used a 2-h fast before the IPITT rather than a more typical 6-to 12-h fast, which would be expected to cause mortality from insulin-induced hypoglycemia in the mutant mice. Thus, the defective hypoglycemia response in the Magel2-null mice may actually be more severe than demonstrated here. Further, mutant mice had delayed onset of recovery, reduced glucose recovery rate, and in females, failure to release corticosterone and extended time to reattain euglycemia ( Figs. 1 and 3 ). As glucose-sensing neurons in the VMH are primarily responsible for the counterregulatory response to hypoglycemia, further studies could help to determine whether neurons are insensitive to hypoglycemia in the Magel2-null mice and whether the glucose-induced excitatory or inhibitory responses are both deficient (56) . The VMH is also considered the satiety center of the hypothalamus (61) . It is possible that the deficient counterregulatory hypoglycemia response that we observe is only one manifestation of a VMH deficiency, motivating future testing of satiety responses in these mice. In summary, our observation that counterregulatory hypoglycemia responses are impaired in Magel2-null mice strongly suggests faulty integration of physiological signals in the hypothalamus in these mice but apparently normal regulation of the HPA axis at the level of the pituitary gland and the feedback loops that regulate ACTH production. In addition, these stress responses take place in a background of chronically elevated basal corticosterone in the mutant mice.
Body composition and glucose homeostasis in
Magel2-null mice Magel2-null mice have abnormal body composition, with fat mass 2.8 SDs above the mean for control mice, and lean mass 3.2 SDs below control mean (40) . They consume less food than their wild-type littermates, but their food consumption is excessive considering their decreased activity levels (40) . In the IPITT, both sexes of mutant mice responded normally to the initial glucose-lowering effect of insulin (Fig. 3) . In the IPGTT, male mutant mice showed mildly impaired glucose tolerance compared with lean control (Fig. 4) . Part of this difference may reflect the fact that the mutant mice have reduced muscle mass, the primary site for glucose uptake, so are less able to respond to doses of glucose calibrated for body mass rather than muscle mass (42) . Although their leptin levels are increased in proportion to their fat mass (40) , adiponectin levels, which are typically negatively correlated with fat mass and insulin resistance (12, 13) , are instead elevated (female) or similar (male) to levels in lean control mice (Table 1 ). In summary, Magel2-null mice have better insulin sensitivity and more adiponectin than expected, considering that they have greatly increased adiposity.
Loss of MAGEL2 may be a genetic basis for defective counterregulation of hypoglycemia in PWS
Hypersensitivity to exogenous insulin has been noted in PWS individuals, including reductions of 50% in serum glucose in almost all insulin-treated PWS cases but in only a minority of obese controls (22) , and severe insulin-induced hypoglycemia in earlier case reports (62) . Blunting of this counterregulatory hypoglycemia response is a major concern for diabetics who have suffered repeated hypoglycemic episodes. Our demonstration that loss of Magel2 in mice impairs the counterregulatory response to hypoglycemia may motivate increased awareness of the importance of avoiding hypoglycemic episodes in individuals with PWS who are not frankly diabetic, but in whom the hypoglycemia counterregulatory response may be congenitally impaired by loss of the MAGEL2 gene. Monitoring for hypoglycemia in individuals with PWS is additionally imperative during fasting, e.g. during acute illness or before medical procedures, because coexisting impaired responses to other physiological stresses could lead to increased morbidity in this vulnerable population.
Magel2 and the GH axis
Diet-induced obese rodents typically have high Igf-I levels in proportion to their increased fat mass (63) , whereas obese rodents with impaired GH secretion secondary to mutations in the GH pathway, or with defects in leptin signaling, have low Igf-I levels (64 -66). We found low (female) or equivalent (male) Igf-I levels in Magel2-null mice compared with lean controls (Fig. 5 and Table 1 ), which could suggest GH deficiency or defective leptin signaling. We next measured GH release in female mice, in response to stimulation with ghrelin. Ghrelin acts on neuronal receptors to produce GHRH and thereby stimulate release of GH from the anterior pituitary (48) . We docu-mented a reduced GH response in the ghrelin stimulation assay in Magel2-null female mice but found a normal response in the GHRH stimulation test, suggesting abnormal hypothalamic but normal pituitary function in GH synthesis and release. Overall, Magel2-null mice exhibit an increased fat to lean mass ratio, low Igf-I levels considering their increased fat mass, and in females, a reduced response in a GH stimulation assay, all suggestive of a GH deficiency of hypothalamic origin. Igf-I levels were also recently measured in mice carrying a gene-targeted deletion of a different PWS candidate gene, MBII-85/ SNORD116 (67) . In contrast to Magel2-null mice, these mutant mice suffer from severe postnatal growth retardation and low fat mass. Similar to calorie restricted lean mice (68, 69) , MBII-85/SNORD116 mice exhibit reduced serum Igf-I. GH release was not reported in this strain.
Endocrine phenotypes of Magel2-null mice resemble those found in rodents with congenital leptin resistance
The interrelationships among endocrine axes complicate the understanding of the underlying functional defect from loss of Magel2. For example, lower Igf-I levels are found in rodents that are hypothyroid and in females that do not go through proestrus (70) , and both chronic HPA axis activation and circadian disruption are associated with obesity (71, 72) . We did note a marked overlap between the endocrine profile of Magel2-null mice and that of rodents with congenital leptin resistance, in contrast to rodents with diet-induced obesity. Like Magel2-null mice, rodents with leptin receptor mutations [Zucker (fa/fa) rats or db/db mice] have increased corticosterone and ACTH (50), high plasma adiponectin (46) , reduced GH secretion and low Igf-I (65, 66) , and low T 4 (73) . We previously reported that Magel2-null mice display delayed puberty in females despite adequate fat stores, reduced fertility in both sexes (39) , and reduced locomotor activity with an attenuated diurnal rhythm in 12-h light, 12-h dark cycle (38) , all of which are phenotypes also described in db/db mice (74 -76) . Like the Magel2-null mice, there are sex differences in the endocrine responses in congenitally leptin resistant rodents (73, 77) . Leptin receptor mutations are rare in humans but cause obesity and similar endocrine findings to those in rodents, including early onset obesity with hyperphagia, reduced percentage lean mass, delayed puberty due to hypogonadotrophic hypogonadism, low IGF-I and low stimulated GH secretion in some cases, and hypothalamic hypothyroidism but normal ACTH and cortisol levels and normal glucose homeostasis (78, 79).
Contribution of loss of MAGEL2 to PWS
A major physiological role for leptin is to regulate the neuroendocrine axis during starvation, and endocrine dysfunction in congenitally leptin resistant rodents is comparable with the endocrine starvation response (80, 81). The hypothesis that endocrine phenotypes in Magel2-null mice resemble a state of starvation is also consistent with the idea that PWS (a MAGEL2-deficient state) represents a genetic model of starvation caused by hypothalamic dysfunction (82). We propose that MAGEL2 deficiency in PWS causes hypothalamic phenotypes through a mechanism that overlaps with congenital leptin resistance. We further propose that loss of other PWS genes, including SNORD116 and NDN, may also contribute to hypothalamic dysfunction and to the failure to thrive (67, 83) , high ghrelin levels (67), neonatal respiratory deficiency (84, 85), pain insensitivity (86), pituitary abnormalities, and developmental delay, which are all commonly found in PWS but not in individuals with leptin receptor mutations. Of note, a young woman was recently described who carries a chromosomal rearrangement that caused deletion of MAGEL2 and two nearby genes but left intact clusters of small nucleolar RNAs that are proposed to be important in PWS (87). This woman (patient 1) was investigated for PWS because of feeding problems in infancy, developmental delay, obesity with body mass index over the 97th percentile at 7 and 12 yr of age, excessive eating without documented hyperphagia, and precocious puberty but did not meet clinical criteria for PWS. Although only a single report, this phenotype strongly suggests that loss of MAGEL2 contributes to PWS through effects on energy balance, leading to increased adiposity and excessive weight gain in childhood.
Magel2 deficiency impairs processes controlled by several regions of the hypothalamus
Magel2 is most highly expressed in sites in the hypothalamus that include the suprachiasmatic, arcuate and ventromedial nuclei. The observed phenotypes are consistent with our hypothesis that Magel2 is important for homeostatic functions controlled by the hypothalamus, in addition to those attributed to reduced leptin responses outlined above. Blunted circadian rhythm (38) suggests a contribution from defective output from suprachiasmatic nucleus neurons. The weak, delayed response to hypoglycemia points to defective integration in the ventromedial nucleus. Although adiponectin has a major mode of action in muscle and liver, it also acts in the paraventricular and arcuate nuclei of the hypothalamus (15, 88, 89) . Many peripheral signals, including leptin, insulin, adiponectin, reproductive hormones, low glucose, and ghrelin converge on the hypothalamus to maintain endocrine homeostasis (52, 88, 89) . We propose that hypothalamic dysfunction causes reduced sensitivity to peripheral hormones, thereby creating the complex phenotype that ul-timately disturbs multiple interdependent endocrine axes in Magel2-null mice.
